Determining the accuracy of the measurement by using the second order axial gradiometer is presented. Output signals from the SQUID gradiometer system and calculated values of systematic errors depending on the shape and positioning of small cylindrical samples containing magnetized material are introduced. The measurement of the gradiometer detection characteristics and systematic error analysis were accomplished.
INTRODUCTION
PECIFIC PROPERTIES of gradiometer systems are well known and their advantages are often employed in biomagnetic measurements. One possible area involves research on biological materials in a human body containing various paramagnetic or ferri-alternatively ferromagnetic substances. Using the small cylindrical samples, magnetic properties or concentrations of these substances are frequently investigated. With the help of various SQUID systems with the 2 nd order axial gradiometers, the remanent magnetic induction B r generated by the magnetized sample content is measured [1] . It is known that detection characteristics [2] of that type of gradiometer are relatively narrow, consequently the acquired output data strongly depend on the sample dimensions and its position to the gradiometer. Technical arrangement for the measurement of the gradiometer detection characteristics and calculation of some systematic errors in magnetic measurement of samples with volume up to 12 cm 3 are presented. The aim of this work was to investigate the accuracy of the measured data.
SUBJECT & METHODS
To evaluate the influence of the shape, volume and position of a measured sample on the accuracy of the observed output data, the following procedure has been made:
i. The powdered γ-Fe 2 O 3 with the mass of 5 mg was inserted into the small cylindrical hole (diameter d 1 = 1 mm, volume V 1 ≈ 1 mm 3 ), which had been bored in a hardened epoxy matrix.
ii. This miniature sample S 1 was magnetized for 30 s in the steady homogeneous magnetic field of 120 mT, whereby The values of U 1 were normalized with respect to U 1max and then fitted to U 1n by the equation
where a, b, c, x 0 and y 0 are the parameters of the used fitting. The normalized gradiometer detection characteristics U 1n are plotted in Fig.3 .
The first step was aimed at estimating the systematic errors e s for real larger cylindrical samples S with the height of 1 mm and the diameters of d = 1, 2, 3 and 4 cm, being gradually placed at the vertical distances of h = 3, 4, 5, 7 and 9 cm. Assuming that the sample S is magnetically isotropic and consists of many S 1 without interactions among them, it can be divided into the set of rings with the widths of 1 mm, Fig.4 . Then the magnitude of the measured total output voltage U s will be dependent both on the position of each S 1 and on the magnitude of the area of the ring which S 1 lies on. In the first approximation, e s can be determined (in percents) by the following equation where m is the number of rings with the width of 1 mm, P m is the ratio of the m-ring area to the whole sample's area P c (also in percents) and U 1mn is the normalized output voltage derived from (1). Figure 5 of the sample S were theoretically concentrated in the midpoint x 0 = 0. Consequently, the wider the sample and the closer to the gradiometer, the greater e s is achieved. It can be shown in this example: If S with d = 4 cm changes its position from h = 4 cm to 9 cm, e s decreases approximately five times, specifically, from 37.46% to 7.45%. Likewise, if S has only d = 1 cm e s also decreases from 3.35% to 0.30% after the same change of h.
In practice, the samples have various heights. Therefore, the total systematic error e sc for cylindrical samples S c with heights y ranging from 1 to 10 mm was calculated. Using the modified (3) the systematic errors e sy for each 1 mm layer of S c were determined by the following formula ))) 1 (
where s is the appropriate 1 mm layer measured from the base of the S c . Then, the final e sc magnitude can be expressed as the ) where s c is the number of 1mm layers in the S c .
The importance of the sample shape for the e sc magnitude is shown in Fig. 6 illustrating e sc as a function of y for two samples S c1 and S c2 . These samples have the same volume of V = 1.26 cm 3 and contain the same magnetic material but they have different shapes. The first, S c1, has dimensions of d 1 = 4 cm and y = 1 mm and the second one, S c2, is with the dimensions d 2 =2 cm and y = 4 mm. In spite of their identical magnetization M ~V, in case of S c1 at the distance of h = 4 cm the calculated e sc is 26.6%, in comparison to e sc = 7.64% for S c2 . These two identical samples at h = 9 cm resulted in e sc = 7.72% in the first case and e sc = 1.65% in the second one. The effect of various y on e sc may be also demonstrated by the following example: if dimensions of S c are d = 1 cm, y = 1 mm and this sample is located at h = 4 cm, then the calculated e sc is 1.94%. By increasing y up to 10 mm, e sc increases only to 2.5%. For larger S c with dimensions of d = 4 cm and y = 1 mm, e sc rises from 26.60% to 31.11% if y enlarges from 1 mm to 10 mm. Taking into account the sensitivity of the measuring system in terms of accuracy, the samples should be as small as possible, with the shape that is rather higher than wider and placed under the sensor as far as possible.
Of course, the accuracy of the measurement is also affected by the gradiometer construction. From this point of view, e sc decreases if the gradiometer detection characteristics are relatively wide. For example, it can be influenced by increasing of the base length b g . Assuming that the diameters of the gradiometer coils are smaller than the distance h, then the relation of B r between the position of measured magnetic particle can be approximately determined by the following relation [3] . As shown above, in the measurements of the small-volume samples using 2 nd order axial gradiometers it is important to take into account the shape, dimensions and placement of the measured sample. In practice, it is necessary to do some compromises among the used sensitivity in the measuring process, the degree of the noise reduction and the accuracy of the measurement. Thus, the systematic errors should be corrected or have to be taken into account while estimating the standard uncertainty of the used measuring method.
CONCLUSION
We have presented a type of technique and calculation for assessing the accuracy of the measuring procedure for the given axial gradiometer system. The systematic errors were determined on the basis of the measured detection characteristics of one specific 2 nd order axial gradiometer. The measured and calculated data showed that the accuracy strongly depended on the shape and size of the samples and on their position to the gradiometer system.
